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H. H. Reamer, G. N. Richter, and B. H. Sage 

California Institute of Technology 
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ABSTRACT 

No information appears to ba available concerning the viscosity 

of mixtures of nitric oxide and nitrogen dioxide.    Thase oxides are fre- 

quently encountered in industrial process fluids.    In order to permit . 

the momentum transfer characteristics of the liquid phase of these mix- 

tures to be predicted, viscosity measurements were made. 

Viscosity of the liquid phase was measured in the temperature 

interval between 40° and 280°F. for pressures up to 5, 000 pounds per 

square inch. Data were obtained upon three mixtures within the com- 

position interval between 0 and 0. 3 weight fractions nitric oxide. The 

measurements were made with a rolling ball viscometer. 

The results indicate that the viscosity of the liquid phase is not 

influenced to a large extent by changes in pressure or composition within 

the range of conditions investigated.   The effect of pressure and tempera- 

ture upon the viscosity of the liquid phase of these mixtures is in reason- 

able agreement with available data for the viscosity of pure nitrogen 

dioxide. 

\The abstract is intended for publication in a separate section of the journal.) 
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INTRODUCTION 

No experimental data for the viscosity of the nitric oxide-nitrogen 

dioxide system were found.   Pure nitrogen dioxide in the liquid phase was 

investigated by Thorpe and Rodger (20).   Scheuer (17) studied the viscosity 

of this pure compound but his results differ markedly from the measure- 

ments of Thorpe and Rodger.   Measurements of the viscosity of pure nitro- 

gen dioadde in the liquid phase were made at pressures up to 5,000 pounds 

per square inch in (he temperature interval between 40   and 280   F. (10). 

The volumetric and phase behavior of mixtures of nitric oxide and 

nitrogen dioxide has been described (19).   These data extend to pressures 

o o in excess of 5,000 pounds per square Inch at temperatures from 40   to 340 F. 

and »9T9m as the basis for the volumetric corrections required to determine 

the absolute viscosity of this binary system.   They are in reasonable agree- 

ment with the measurements of Pur cell and Cheesman (7) for temperatures 

at which the two investigations may be compared.   Baume and Robert (1) 

also studied the phase behavior of the nitric oxide-nitrogen dioxide system 
o 

at temperatures below 68   F. and Wittorf (22) determined the limits of 
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solubility of nitric oxide la nitrogen dioxide.   The effect of pressure sad 

temperature upon the specific volume of nitrogen dioxide was investigated 

(9* 18) sad s review of the available data for this compound was presented. 

METHODS AND APPARATUS 

The present measurement* were made with a rolling ball -HLscometer 

of a type proposed by Flowers (3) and developed by Horsey (4,5).   The 

instrument employed was described In connection with measurements of 

the viscosity of ammonia \Z),   This equipment involved a stainless steel 

tube inclined at an angle of approximately 15   down which a closely fitting 

< steel ball was permitted to roll.   The time of traverse of the ball between 

two sets of three coils located near the ends of the tube was determined 

electronically.   A centrifugal pump was employed io return the bell to the 

upper ead of the tube and to bring the system to a uniform composition 

and temperature.   The exit from the mil tube was closed during measure- 

meats of the time of traverse of the ball down the tube. 

Roll times were measured with a probable error of 0.2% aad tike 

temperature of the roll tube was known, with respect to the international 

platinum scale, within 0.1   F.   Pressures were deterssiaed by use of a 

balance (14) calibrated against the vapor pressure of carbon dioxide at the 

Ice point.   The pressure of the fluid within the instrument was established 

through a balanced aneroid type diaphragm (18) aad was known within two 

pounds per square inch or 0.2%, whichever was (he larger measure of 

uncertainty. 



Hydrodynamic characteristics of railing ball visfeometers were 

investigated by Watson (21), Hersey and Short ($), and Hubbard aad 

Brown (6) and have been considered la tba application of this instrument (2). 

Tba apparatus was calibrated with n-peatanc in tba liquid phate usiag tba 

critically chosen values of Rossi*! (11) for the viscosity of this compound 

at atmospheric pressure.   An equation of the following form (2) was used 

to establish the viscosity from the measured roll time: 

e (l) 

The coefficiests A aad B were determined from the measured roll times 

with a-pontaae as a functicn of temperature and were checked with water. 

Recallbratlon of the instrument without cleaning the roll tube after com- 

pletion of the investigation of two of the mixtures of nitric oadde and nitro- 

gen dioxide Indicated a change la calibration of lass than 0.9%.   All mea- 

surements reported were carried out at sufficiently low velocities so that 

the effect of the acceleration of the fluid around the ball was less than 5% 

of the measured roll time.   It Is believed that the first order correction 

for acceleration included In Equation 1 suffices for such hydredyaamlc 

conditions.   The viscosities were expressed in micropoisea as a result of 

widespread usage, even though this unit is not dimensionally consistent with 

the independent variables. 



Nitrogen dioxide was first introduced late tits apparatus and that 

roll times were checked at & known temperature. The desired quantity 

of nitric oxide was then added from a weighing bomb while the apparatus 
Q 

was at a temperature of approximately 40   F.   Bubble point pressures 

of the nitric oxide -nitrogen dioxide system (19) were" sufficiently lot? &i 

this temperature to permit the desired quantities of nitric oxide to be 

introduced without difficulty.   The composition was determined from the 

wsights of the nitric oxide and nitrogen dioxide introduced Into the vls- 

cometer an* was cheeked by the measured babbie point pressures,   S» 

addition, a sample of the liquid phase was withdrawn and its specific 

weight determined by pyenometer techniques at a known pressure end 

temperature,.   The information concerning the volumetric and phase be- 

aavior of the nitric oxide -nitrogen dioxide system (19) was employed in 
"-'"X, 

order to relate the mea**i--<~4 bobble pviai p*s»»a*as and specific weights 

of the liquid phase to composition.   The maximum difference between the 

composition as measured by the different methods was 0.012 weight free* 

tics nitric oxide. 

RESULTS 

The effect of pressure upon the viscosity of a mixture of nitric 

oxide and nitrogen dioxide containing 0.991 weight fraction nitrogen dioxide 

was determined at four temperatures between 40° and 280° F* as a prelim- 

inary part of thi* Investigation.   The measurements involved rather large 

standard deviations as compared to later data reported here.   The data for 
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thls t&znple have not been given more than 20% of the weigUt given to each 

of the other mixtures investigated.   Two mixtures containing 0.920 and 

0 774 weight fractions nitrogen dioxide were investigated at five tempera - 

o o tores between 40   and 280   F.   The experimental results obtained for the 

mixture containing 0.920 weight fracion nitroga  dioxide are shown in 

Figure 1.   The detailed experimental measurements for all of the mixtures 

are available (8).   The full curves shown in Figure 1 represent data smooth- 

ed with respect to pressure, temperature, and composition.   For the two 

mixtures and nitrogen dioxide (10), the standard deviation of the experi- 

mental data from the smoothed curves was 47 micropoises and the average 

deviation was 3.3 ndcrvpoises if regard was taken of sign.   If the measure- 

ments for the mixture containing 0.991 nitrogen dioxide are Included, the 

standard and average deviations are several times as large. 

Values of the viscosity of the liquid phase of mis system are reported 

is Table ! for eves values of press«*•- temperature, and composition.   These 

data Include earlier measurements upon the viscosity of nitrogen dioxide (10) 

which were modified slightly at the lower temperatures on the basis of the 

present measurements.   The standard deviation of 47 micropoises was com- 

parable to that found in the earlier studies, of the viscosity of nitrogen diox- 

ide (20). 

The influence of composition upon the viscosity of the nitric oxide** 

nitrogen dioxide system is shown U* Figure 2 for each of the temperatures 

investigated. The solid points represent the data obtained from smoothing 

the experimental measurements for the Individual mixtures, whereas the 
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full curves correspond to the value* recorded in Table X.   The repredu- 

cibility of the data for aa individual composition at a particular time was 

much better than that found for the entire set of measurements.   The vis* 

coslty of the liquid phase at bubble point is depicted in Figure 3.   The 

small effect of changes in composition upon the viscosity of the liquid 

phase is evident.   Data recorded in Table 1 indicate that, within the range 

of pressures and compositions investigated* the Influence of these vari- 

ables Is small.   Such behavior is in contradistinction to the marked 

variations in viscosity with changes in pressure or composition la the 

case of hydrocarbon systems (12,13, 15,16),   Pressure and temperature 

influence the viscosity of mixtures of nitric oxide and nitrogen dioxide to 

much the same extent as that found for pure nitrogen dioxide (10). 
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NOMENCLATURE 

A dimensional coefficient of Equation 1 

B dimensional coefficient of Equation 1 

7 absolute viscosity, micropoises 

0* specific weight of ball, pounds per cubic foot 

f- specific weight of fluid, pounds per cubic foot 

e roll time of ball, seconds 



UST OF FIGURES 

1. Viscosity of the liquid Phase cf a Mixture Containing 0. 920 
Weight Fraction Nitrogen Dioxide 

2. Viscosity-Composition Diagram 

3. Viscosity of Nitric Oxide-Nitrogen Dioxide System at 
Bubble Point 



IOOC 2000 3000 4000 
PRESSURE,   POUNDS  PEP.   SQUARE    INCH 

Fig. 1    Viscosity of the Liquid Phase of a Mixture Containing C.920 
Weight Fraction Nitrogen Dioxide 
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TABLE I 

VISCOSITY a OF &.DCTURES OF NITRIC OXIDE AND NITROGEN DBXIDE 

Pressure 
Lb. /Sq. In. 
Absolute 

0.80 
Wt. Frac. Nitrogen Dioxide - 
0. 85 0.90 0.95 

40 °F. 

1.00 

Bubble Point (30) 
4960 

(29) 
4720 

(27) 
4610 

(22) 
4680 

(6.5) 
4900 

200 
400 
60C 
800 
1000 

4980 
5000 
5030 
5C6t> 
5070 

4760 
4800 
4830 
4860 
4880 

4660 
4700 
4740 
4770 
4820 

4730 
4760 
4800 
4830 
4870 

4940 
4970 
5020 
5040 
5050 

1250 
1500 
1750 
2000 

5120 
5140 
5190 
5220 

4940 
4960 
5020 
5060 

4870 
4910 
4960 
5000 

4920 
4970 
5020 
5060 

5100 
5140 
5180 
5220 

2250 
2500 
2750 
3000 

3500 
4000 
4500 
5000 

5270 
5310 
53^0 
5380 

Bubble Point (S6) 
3260 

5120 
5140 
5190 
5220 

[5300] 
[53801 
[54603 
gsig 

(79) 
3120 

5060 
5090 
5130 
5170 

100 °F. 

(71) 
3070 

5100 
5140 
5180 
5220 

5260 
5290 
5340 
5370 

(60) 
3120 

(31) 
3320 

200 
400 
600 
800 
1000 

3300 
3300 
3340 
3360 
3380 

3200 
3200 
3200 
3230 
3260 

3100 
3100 
3170 
3200 
3220 

3200 
3200 
3240 
3270 
3300 

3400 
3400 
3410 
3430 
3450 

Viscosity expressed in micropoises. 

Figures in parentheses represent bubble point pressures expressed 
in pounds per square inch absolute. 

Figures in brackets were obtained by extrapolation. 



Pressure 
Lb. /Sq.fa. 
Absolute 

Bubble Point 

1250 
1500 
1750 
2000 

2250 
2500 
2750 
3000 

3500 
4000 
4500 
5000 

Bubble Point 

200 
400 
600 
800 
1000 

1250 
1500 
1750 
2000 

2250 
2500 
2750 
3000 

3500 
4000 
4500 
5000 

TABLE Z cone. 

ur» p»a- %Tii_-.-=^» nin_iJ. ___ 

0.80 0,85 0.90 0.95 1.00 

(86) 
3260 

(79) 
3120 

(71) 
3070 

(60) 
3120 

(31) 
3320 

3410 
3440 
3470 
3500 

3300 
3330 
3350 
3380 

3260 
3280 
3310 
3350 

3320 
3350 
3390 
3420 

3480 
3510 
3540 
3560 

3520 
3550 
3560 
3580 

3400 
3440 
3500 
3580 

3370 
3400 
3420 
3440 

3440 
3480 
3500 
3520 

3580 
3620 
3640 
366G 

3630 
3690 
3760 
3840 

3510 
3540 
3600 
3660 

3480 
3500 
3550 
3580 

3560 
3580 
3620 
3660 

3700 
3740 
3780 
3820 

160 °F. 
• • 

(270) 
2110 

(239) 
2070 

(204) 
2080 

(162) 
2090 

(111) 
2170 

• >m m 

2200 
2200 
2200 
2220 

mm 

2100 
2100 
2180 
2200 

2100 
2100 
2180 
2210 

2100 
2100 
2180 
2200 
2240 

2200 
2200 
2230 
2260 
2280 

2250 
2270 
2300 
2320 

2240 
2260 
2280 
2310 

2240 
2270 
2290 
2320 

2260 
2290 
2320 
2340 

2310 
2340 
2360 
2380 

2340 
2360 
2390 
2420 

2320 
2350 
2370 
2400 

2330 
2360 
2370 
2410 

2360 
2380 
2400 
2440 
« 

2400 
2430 
2460 
2480 

2470 
2520 
2570 
2620 

2460 
2490 
2540 
2580 

2460 
2490 
2530 
2560 

2470 
2500 
2540 
257C 

2540 
2580 
2600 
2620 
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TABLE I cont. 

Pressure •  • ~ Wt. Frac. Nitrogen Dioxide . 
Lb. /S«j.In. 0.80 0.85 0.90 0.95 1.00 
Absolute Q 

220   F. 

Bubble Point 

200 
4C0 
600 
800 
1000 

1250 
1500 
1750 
2000 

2250 
2500 
2750 
3000 

3500 
4000 
4500 
5000 

Bubble Point <15?0> <1388> <120l> <i026> <864> 
160 160 200 340 570 

200 
400 -•        •-        -•        -- 
600 ••        --        «•-        --       -- 
800 
1000 —        —        —       —        630 

1250 
1500 
1750 
2000 

(701) (610) (516) (424) (333) 
1220 ii no 1190 1220 1320 

<m m 

m •» •• 
«§ » 1400 

m m • * 1240 1310 1420 
1280 1280 1310 1370 1480 
1320 1340 1380 1440 1540 

1360 1380 1430 1510 1600 
1400 1420 1480 1550 1650 
1440 1460 1520 1600 1680 
1480 1500 1560 1630 1720 

15)0 1530 1580 1660 1740 
1520 1550 1590 1660 1760 
1560 1600 1620 1690 1780 
1590 1620 1640 1700 1800 

1630 1640 1680 1740 1820 
1680 1690 1720 1780 1850 
1740 1740 1760 1820 1880 
1790 1780 1780 

280 °F. 

1830 1900 

| 2250 
mm ** v w 

m «M — 220 410 710 
«P *» 180 290 490 800 
220 260 360 580 880 
270 320 450 650 940 

340 400 520 720 990 
450 570 770 1040 



Pressure 
JLb. /Sq. In. 
Absolute 

Bubble Point 

2750 
3000 

3500 
4000 
4500 
5000 

TABLE I cont • 

 Wt. Free. 
0.85 

Nitrogen 1 
0.90 0.80 0.95 1.00 

(1570) 
160 

(1388) 
160' 

(1201) 
200 

(1026) 
340 

(864) 
570 

450 
500 

520 
560 

w4U 
690 

830 
880 

1090 
1120 

620 
750 
880 
9S0 

690 
800 
920 
1010 

810 
910 
1000 
1080 

980 
1040 
1110 
1160 

1170 
1210 
1250 
1280 
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PHASE OF THE NITRIC OXIDE AND NITROGEN DIOXIDE SYSTEM 

H. H. Reamer, G. N. Richter, and B. H. Sage 

Chemical Engineering Laboratory 
California Institute of Technology 

Pasadena; California 

Viscosity of the liquid phase for mixtures involving nitric oxide 

and nitrogen dioxide was measured at pressures up to 5, 000 pounds per 

o o squate inch for five temperatures between 40   and 280   F. (1).   These 

measurements supplement studies of the viscosity of liquid nitrogen 

dioxide (2).   The data were obtained by means of a rolling ball viscometer 

(3).   The methods of calibration and the details of the equipment are 

available (2, 3).   Temperatures of the viscometer were known within 

o 
0.1   F. of the international platinum scale and pressures with a pro- 

bable error of Q. 2% or two pounds per square inch, whichever was the 

larger uncertainty.   Roll times were measured with a probable error 

of 0.03 second.   The instrument was calibrated with n-pentane liquid 

in the laminar region and with air and carbon dioxide in the turbulent 

region (3).   No measurements of the nitric oxide-nitrogen dioxide system 

were made is the turbulent region. 

Table I records the experimental measurements of viscosity for 

this binary system for three different mixtures containing 0. 774, 0.920, 

and 0.991 weight fractions nitrogen dioxide.   The absolute viscosities 



.2. 

recorded were calculated from at lec.:;t three roll times at each state. 

The average deviation from the mean of these three roll times was less 

than 0. 02 second.    The calibration of the instrument in the case of the 

mixtures containing 0.99 i weight fraction nitrogen dioxide changed by 

1.4% during the course of the measurements.    This variation was dis- 

tribute*? over the five temperatures in a linear fashion.   It is believed 

that the studies of the mixtures containing 0.991 weight fraction nitro- 

gen dioxide are somewhat less reliable than the results obtained for 

the other two mixtures.   In the case of the two mixtures containing 0. 774 

and 0.920 weight fractions nitrogen dioxide the calibration changed by 

less than the probable error of measurement.    The results for these two 

mixtures and for pure nitrogen dioxide involve a standard deviation in the 

smoothed viscosity of 47 micropoises considering all the uncertainty to 

be in the viscosity and none in the pressure* temperature, or composition. 

On the other hand, a probable error of 122 micropoises was found if the 

data for 0.991 weight fraction nitrogen dioxide was Included. 
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